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Introduction
The high number of old railway structures in Japan emphasizes the importance of having proper maintenance methodologies. Proper management of railway structures requires early detection of deformation in structures. Once deformations are detected, continuous observation and retrofitting work are also important. Methods for quantitatively assessing the structural health of railway bridge substructures in Japan have already been developed.
In the case of retaining walls however, visual inspection is still used to evaluate the structural health of existing retaining walls because a quantitative inspection method has not yet been developed. And yet, a quantitative evaluation method is urgently needed, given the subjective nature of purely visual inspections.
Given this background, the present study aims to develop a quantitative inspection method for establishing the structural health of existing retaining walls. This paper begins with a brief introduction of the current state of existing retaining structures. Secondly it gives a brief outline of the small scale exciter, which has been newly developed to evaluate the structural health of retaining walls. Lastly, results are discussed of model tests conducted to determine the applicability of the small scale exciter.
Current state of railway retaining structures

Maintenance standards in Japan
There are approximately 30 thousand kilometers of railway lines in Japan, operated by several railway organizations (seven Japan Railway companies, over 100 private railway companies and several local governments). Japanese railway organizations maintain their structures in Foundation and Geotechnical Engineering Laboratory, Structures Technology Division safe condition by referring to the Japanese Maintenance Code of Maintenance Standards in Japan [1] . General procedures for structural maintenance in the Maintenance standards and relationships between the condition rating and the structure state are shown in Fig.1 and Table 1 .
As indicated in Fig. 1 , "General Inspections" are conducted on all railway structures at maximum two-year intervals, and are mainly visual. "Individual Inspections" are made however on specific structures in which more severe deterioration has been detected during the General Inspection by means of detailed visual surveys or using measurement equipment. As mentioned above in the Introduction, this study aims to develop a methodology which can be used to quantitatively evaluate the structural health of retaining walls as an alternative to detailed visual surveys.
Survey of current state of Japanese railway retaining walls
A preliminary survey on current state of Japanese railway retaining structures was conducted using the "Structural Management Supporting system (SMS)" [2] . The SMS is the database system which contains comprehensive information about all types of railway structure, such as RC structures, steel structures, foundations, abutments, retaining walls, tunnels and slopes etc. The SMS was developed in association with 14 Japanese railway organizations and the Railway Technical Research Institute. Currently, 27 railway organizations utilize the SMS by In the preliminary survey, information about typical types of retaining wall in Japan (see Fig. 2 ) was extracted from the SMS database. In total, data for 7,989 sites was extracted. Figure 3 shows results of the survey which arranges the data by type of retaining wall. The numbers of masonry and ashlar block retaining walls exceeded 6,000 and accounted for 76.4 % of the total data. The number of leaning type retaining wall was the second largest, and accounted for 8.6 % of the total number of sites. Valid data containing the construction length was extracted from among the total 7,989 sites, since construction length is also an important parameter in addition to the number of sites. Figure  4 shows retaining walls and the construction lengths of retaining wall by type, which were obtained by averaging valid data from 1,657 sites.
The construction length of leaning type retaining walls stands first among all types of retaining walls and accounted for 38.3 % of the valid data. The percentage of the masonry and ashlar block retaining wall reached 37.8 %. It was found from the above survey that the leaning type and masonry or ashlar block retaining wall occupied 76.1 % of the total construction length underscoring the importance of managing this type of structures. It was also found from the survey that the 85 % of leaning type retaining walls were lower than 4 m in height.
Typical deformation of railway retaining walls
Deformation of railway retaining structures can be divided into two groups: deformation due to destabilization, and deformation due to deterioration. Typical deformation of railway retaining structures is schematically illustrated in Fig. 5 . Settlement, inclination, swelling, difference in level and difference at construction joints due to external thrust can be categorized as deformation due to the destabilization. Exfoliation of concrete and clogging of the drainage facilities are categorized as deformation due to deterioration. Cyclic load due to the train passing, increase of earth pressure due to the additional construction of the embankment, increase of dynamic earth pressure due to the earthquake, increase of water pressure due to the change of the water level in backfill soil are deemed to be sources of external thrust, which may lead to deformation due to destabilization. Deterioration of the structure is attributed to cyclic change in thermal or humid conditions during the structure's serviceable life.
Deformation due to the destabilization may lead to secondary deformation such as backfill loosening or bearing capacity failure. Therefore, early detection and retrofitting work to prevent deformation due to destabilization are particularly important, while no non-destructive tests to detect such problems have yet been developed. Following on, this study attempts to propose a method for nondestructive evaluation of existing retaining walls. 
Percussion tests
Non-destructive testing has been carried out in Japan on bridge substructures, in the form of percussion tests. In the past, of the health of railway bridge substructures was evaluated by dynamic settlement, frequency and amplification of vibration during the passing of trains in addition to the static measurement of inclination or settlement of the bridge piers. However, this method is insufficient to evaluate the performance of bridge substructures quantitatively because measurements made during the passing of trains mentioned above, depend heavily on the weight and passing speed of the trains.
In order to reduce the above-mentioned problem, a different type of percussion test was proposed by Nishimura et al (1988) [3] . In the latter, the natural frequency of the bridge pier is measured with high accuracy and is used for evaluating the structural health of the pier. This method is based on the knowledge that the natural frequency of the bridge substructure decreases with damage and increases with reinforcement. The natural frequency of bridge piers is found by carrying out a spectrum analysis using measured free vibration, which is recorded by velocity sensors. Free vibration is induced by striking the top of the piers using an iron ball, as schematically illustrated in Fig. 6 .
A time history of the velocity obtained from the percussion test is shown in Fig. 7a) . The natural frequency of the structures can be evaluated based on the Fourier and phase spectrum as shown in Fig. 7b) and 7c) , respectively. The maximum amplitude for the frequency 7.69 Hz is thus obtained as the resonance in accordance with the result of the phase spectrum in which the resonance occurred in the phase of 180 degrees. In practice, the actual performance of a bridge pier can be evaluated by comparing the measured natural frequency with that obtained immediately after construction or with the criterion for potential natural frequency. Potential natural frequency is the experimentallybased value proposed by the Railway Technical Research Institute which can be applied to structures in a particular site where the natural frequency was not recorded immediately after the construction.
Development of the small scale exciter
As mentioned above, percussion tests have been conducted on bridge substructures. Applying the same methods to determine the structural health of retaining walls poses the following problems:
1. An input load with a high frequency component cannot be applied because the input is applied by striking the top of the pier. 2. The weight of the iron ball (30 kg in general) makes it difficult to handle. 3. Amplitude of the input load is difficult to measure quantitatively. 4. Amplitude of the input load cannot be kept constant because the load is applied by different inspector each time.
The small scale exciter developed for this study is schematically illustrated in Fig. 8 . A permanent magnet is adopted for the magnetic circuit mainly because of the portability despite the resulting difficulty to apply large amplitude and high frequency component as the input. In the prototype exciter, the vibration force is induced by sending electronic current to the driving coil in the magnetic field. As schematically illustrated in Fig. 8 , an input force vector is determined by the direction of electric current and magnetic flux density based on the Fleming's left hand rule. The amplitude of force can be evaluated in eq. (1).
where B is the value of magnetic flux density, L is the length of the cable in the magnetic flux, and I is the magnetic current. In this study, the following parameters were used: B = 0.49 T, L = 26.7 m and I = 7.5 A. Performance of the developed small scale exciter is summarized in Table 2 .
Examples of the acceleration time history and its Fourier spectrum induced by the prototype small scale exciter are shown in Fig. 9 a) , b) and c). Sinusoidal sweep excitation is usually adopted as the input acceleration to apply the same amplitude of force to the target structure over all the frequency components as shown in Fig. 9 b) . Applicability of the prototype small scale exciter is discussed later in the paper with the introduction of the static loading tests conducted using a model retaining wall.
Application of the small scale exciter to evaluate
the structural health of a retaining wall
Outline of the model test
As discussed in the introduction to the percussion test, vibration characteristics of the structure can be used as an index to evaluate the structural health of the retaining wall. Therefore, a set of the loading tests on the retaining wall were conducted to investigate the correlation between vibration characteristics and displacement of the model retaining wall.
The test apparatus used in the model test is schematically illustrated in Fig. 10 . The test apparatus consisted of a steel strut, shear soil chamber, hydraulic loading jacks. The soil chamber was 3 m high with a width and length of 2 m.
Models of leaning and masonry type retaining walls were placed on a horizontal subsoil consisting of dense airdried silica sand. The total height of the model retaining wall was 1 m while the embedded depth was 0.2 m. A backfill layer was also constituted with air-dried silica sand. The relative densities of the subsoil and backfill layer were 90 and 80 %, respectively.
A cross section of the model leaning type retaining wall is shown in Fig. 11 . Two component load cells were installed on the wall facing and at the bottom of the footing. The outer size of the masonry type retaining wall model was the same as that of the leaning type retaining wall model, while the wall facing was made by ashlars.
Soil chamber
Upper jack Horizontal displacement was applied to the shear soil chamber using three horizontal hydraulic loading jacks as shown in Fig. 12 . The displacement amplitudes of the middle and top loading jacks were controlled so that the soil chamber showed the simple shear mode of deformation as schematically illustrated in the Fig. 12 . Vibration tests using the developed small scale exciter were carried out during each of the loading and unloading stages. Highsensitivity accelerometers were attached to the wall to measure changes in vibration characteristics as displacement of the wall facing increased.
Test results
Changes in the transfer function of the amplitude of the leaning and masonry type retaining wall models are shown in Fig. 13 and 14 . The transfer functions corresponding to the initial state and those at a displacement amplitude of 80 mm were compared in these figures. In the initial state, a clear peak can be observed around 40 Hz both in leaning and masonry type retaining walls.
In the case of the leaning type retaining wall, the value of the peak amplitude frequency decreased as displacement grew and the peak amplitude value for a displacement of 80 mm was larger than that in the initial state. In the masonry type retaining wall model however, the opening of the masonry joint triggered the change in the amplitude transfer function. Figure 14 shows that the loaded state amplitude surpassed that of the initial state, especially at low frequency. This indicates that the masonry type retaining wall tends to vibrate easily.
The model tests demonstrated that the vibration characteristics of the retaining wall were affected by its structural health. In the case of the masonry type retaining wall, the importance of the facing rigidity was also highlighted.
A proposed procedure to evaluate the structural health of a retaining wall
The basic concept underlying the proposed method is schematically illustrated in Fig. 15 . As discussed above, vibration characteristics of the retaining wall were affected by the structural health of the retaining wall. In the proposed method, therefore, the area of the amplitude in the Fourier spectrum, hereafter referred to as the spectrum area, is used as an index to evaluate the structural health of the retaining structure. In the case deterioration, the value of spectrum area is larger than when the retaining wall is structurally healthy. Before applying the proposed method in practice, a threshold value, indicating the safety of the retaining wall would have to be determined. The validity of the proposed method for inspecting existing structures has been confirmed by Nakajima et al (2012) [4] . A greater number of site tests remain to be performed, in order to meet the shortfall in spectrum area data which is needed to set a threshold value. Consequently, until enough data is collected, assessing the structural health of a retaining wall must be achieved by comparing the spectrum areas of a healthy retaining wall with that of a deteriorated retaining wall.
Summary
The discussion in this paper can be summarized as follows:
1. The management of leaning type and masonry type retaining walls was identified as being of primary importance since they are the most common of these types of railway structure. 2. Small scale exciter, capable of applying a constant input force amplitude in whole frequency components, was developed as a method to evaluate the structural health of retaining walls. 3. Based on the results from the series of model tests it has been found out that the vibration characteristics of a retaining wall are affected by its structural health. 4. The behavior of the retaining wall discussed above indicates that the spectrum area can be used as an index to quantitatively evaluate the structural health of a retaining wall.
Future study
The insufficient of the field data means that there is no current alternative to comparing spectrum areas of in- Threshold value spected retaining walls with those of sound retaining walls constructed nearby. Site test data shall be collected in the course of further study in order to be able to determine a proper threshold value, which may then be applied to distinguish between deteriorated and sound retaining walls.
The insufficient of the field data means that there is no current alternative to comparing spectrum areas of inspected retaining walls with those of sound retaining walls constructed nearby. Site test data shall be collected in the course of further study in order to be able to determine a proper threshold value, which may then be applied to distinguish between deteriorated and sound retaining walls.
